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Abstract
In this paper, a new experimental technique for the buckling test of shells under external pressure is presented. This technique is simple and
detemines buckling load very effrciendy. It has aheady been used extensively in the investigation ofbuckling load of electroforrcd spherical-
tip conical sheUs under uniform extemal pressure. In this method, i$tead of the conventional monitodng of load and linear displacement of
points on a shell, load and change in inigrnal volume of the shell are recorded. Intemal volumetric change of a shell is found to be a better
indicator of its instability compared to the change in displacernents of points on its surface. Volumetdc change, a functioD of all the displace-
ments and rotations contributitrg to the total change in its configuration, is observed to be a highly magnified indicator of shell deformation
encompassing the whole shell, primarily the bucHing zones and imperfection locations. @ 1998 Elsevier Science Ltd. All dghts reserved
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1. Introduction
Experiments on buckling of shells have not yet been
standardized. Researchers are continually developing
newer experimental techniques, differing from each other,
in order to bring about a better correlation between analysis
and test. Even when large powerful programs, like STAGS,
are employed for analysis, test results still differ consider-
ably from prediction. These differences are partly due to the
inaccuracies of inputs like shell geometry, boundary
conditions, imperfection in shape, etc., and partly due to
variations in buckling behavior of the mathematical model of
the shells tested. Experimental results are also found to
depend on shell materials and manufacturing techniques.
Experiments on buckling of shells are generally done on
their models because conducting experiments on prototypes
requires large, costly set-up, and also measuring shell geo-
metry becomes a tedious job. Experimental investigation of
shells may be divided into two major steps - the first is the
fabrication of model shells and the second is the experimen-
tal technique. Isotropic materials are commonly used in
fabricating shell models. Shells made of isotropic materials
are found to be much more imperfection-sensitive than
those of composite materials. So, to achieve better results
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from isotropic shells, precision manuffturing technology is
necessary. Among the different shell fabrication techniques,
spin forming, press forming, electroforming, explosive
forming and copy milling are in wide use.
Literature on the experimental techniques for buckling
tests of shells is limited to a few different methodologies
tl-191. In most cases of shell buckling experiments, very
thin shell models are fabricated and, depending upon the
opening of the shells, whether open at one end or both,
the openings are closed with plates and properly sealed.
Through one of the end plates, air is sucked out from the
interior of the shell with a vacuum pump so that atmospheric
pressure outside the shell acts as an external pressuring
medium. The difference between the pressure inside the
shell and the atmospheric pressure outside it is considered
as the net external pressure. The evacuation process con-
tinues until the buckling of the shell starts. Net external
pressure at the instant of buckling is considered as the buck-
ling load. To study the load-displacement behavior of a
shell, strain gages or displacement probes are placed at
the salient points on the shell surface.
In Ref. [14], swedge-stiffened cylinders were tested for
buckling under uniform external pressure. The test cylinders
were closed at both ends with end-closing plates, keeping
atmospheric air inside, and were put into a cylindrical pres-
sure chamber. External pressure was applied to the shells by
pumping in water inside the pressure chamber until the
All rights reserved
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Fig. 1. Schematic diagram of buckling test set-up.
shells buckled with a fall in external pressure. In Ref. [5],
instead of using an end-closing plate, a cylinder with two
toriconical ends was used. The remaining steps of this
experiment are similar to those of Ref. [14].
New and Spring [13] developed a non-destructive experi-
mental technique for determining incipient buckling
pressures of thin shells subjected to external pressure. The
salient feature of the technique was the filling of the intemal
volume of the shell with fluid, such as water, to control the
magnitude and rate of shell deformation. The incipient
buckling pressure was detected by noting the instant at
which the difference in internal and external pressure
became constant. In Ref. [11] an attempt was made to
develop a new non-destructive buckling test technique
based on the concept that natural frequency in the buckling
mode shape goes to zero when the critical buckling load is
reached. By measuring the modal parameters at various load
To volume meter To manometer
levels below the critical buckling load one should, in prin-
ciple, be able to predict the buckling load by extrapolating
the load frequency interaction curye to zero frequency inter-
cept. But, to date, these non-destructive test methods have
received little attention because of the inconveniences
associated with the testing procedures.
In test set-ups, where external atmospheric pressure acts
as a loading medium, the buckling load must always be less
than the atmospheric pressure. This is the major limitation
of this technique. Deflection measurement at predetermined
locations is another limitation of this method. because. due
to imperfections, the shell may not buckle at the locations
where deflections are measured. Keeping these disadvan-
tages in mind, in the present york, a new experimental
technique is developed. The gew method is very simple
and capable of finding buckling loads for shells both
above and below atmospheric pressure. An electroforming
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Fig.2. Schematic diagram of pressure chamber with installed test model.
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Fig. 3. Test model installation elements.
technique has been employed for the fabrication of shell
models for testing. The methodology of the new experimen-
tal technique and the experimental set-up are described in
the following sections.
2. Present method of experimental investigation
2. 1. Experimental methodolo gy
In developing the new experimental technique, it was
considered that in the case of thin shells, fabrication
imperfection is inevitable and the shells are inherently
imperfection-sensitive. Placing of strain gages or displace-
ment probes at the locations of presumed buckling in the
conventional experimental techniques may not be able to
detect the load displacement behavior of such imperfect
shells efficiently. Instead of placing strain gages or
displacement probes at the presumed buckling locations, if
the internal total volumetric change of the shells is mea-
sured, a better picture of instability may evolve, because,
volumetric change, an indicatol of the total deformation, is a
magnified feature of shell displacement encompassing the
Fig. 5. Experimental set-up.
whole shell including the buckling zone at imperfection
locations. It should be noted that monitoring of volumetric
deformation does not require precision electronic instru-
mentation. Considering these facts, the new experimental
technique for buckling of shells has been developed based
on the measurement of the internal volumetric chanse of a
shell under load.
2.2. Experimental set-up
The set-up consists of a 10 in high, 8 in diameter test
chamber, made by ELE, U.K., used as the pressure chamber
for the buckling test of the model shells. The wall of the
pressure chamber is of transparenti Perspex sheet, 0.5 in
thick. The limiting pressure of the chamber is 250 psi.
The top cover and the bottom platform of the pressure
chamber are of metallic plates. The bottom platform can
be isolated from the pressure chamber by removing the
fastening bolts, so that the experimental models along
with attachments can be placed on it. There are a good
number of ports on the bottom platform, fitted with glove
valves, through which pumps, manometers, pressure gage,
volume meter, etc., could be connected. A schematic dia-
gram of the experimental set-up is shown in Fig. 1 and the
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Fis. 4. Test model installed on base. Fig. 6. Geometry of cap-cone composite shell.
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Fig.7. Schematic diagram of geometry measuring set-up.
details of the test model with base plate assembly along with
the pressure chamber are shown in Fig. 2.
2. 3. Experimental procedure
To carry out an experiment, the shell model is filled with
water and then attached to a stainless steel base-attachment
with a metallic ing, a rubber gasket and six I/4 in fastening
bolts. Photographs of the elements of the base-attachment
are shown in Fig. 3. The sectional view of the shell base-
assembly is shown in Fig. 2. A photograph of the shell
base-assembly with the tip of the model up is given in
Fig. 4. A tripod is placed inside the pressure chamber to
support the base-assembly, with the tip downward and the
base-attachment up so that water inside the model cannot
come out through the hole at the base without the applica-
tion of pressure external to the model. One end of a flexible
tube that can sustain high external pressure without
appreciable deformation is then connected to the hole of
the stainless steel base with an adapter. The other end
of the flexible tube is connected to a double tube volume
meter through the base of the pressure chamber. The volume
meter is capable of measuring a change in volume of 0.1 ml.
A mercury manometer is connected to the pressure chamber
' through its base. The pressure chamber is then filled with
water through a hole in its top cover. A photograph of the
experimental set-up is shown in Fig. 5.
The necessary leak test is done at every stage of the
experiment. External pressure is applied to the shell by
pumping in water by a hand pump attached to the pressure
chamber. The external pressure is applied gradually in steps
and, at every step, the pressure is recorded. At any step of
external pressure, water coming out from inside the model,
which measures the change in its volume, is recorded from
the reading of the volume meter. Pressure is increased up to
a limit when either the manometer reading remains constant
or drops suddenly with a large change in volume. This limit-
ing pressure is considered as the buckling load for the model
under test. As the wall of the pressure chamber is transpar-
ent, the shape of the shell at every load step is also
visually monitored. The limiting pressure is always
observed to correspond to a lalrge deformation of the test
models.
2.4. Experimental models i
A number of conical shells with spherical tip, that is,
composite cap-cone shell of varying parameters, were
fabricated from copper using an electroforming technique
to determine the buckling pressure of shells using the
new experimental technique. The cap-cone shells were
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Table 1
Geometric data of spherical-tip conical end-closures of shells
79
Model No. v12' L (mm) R (mm) rri (mm) r (mm) h1 (mm) h2(mm)
1
2
J
29.886
30.174
30.029
81 .413
82.391
81.486
58.046
57.900
57.800
20.16
19.08
19.66
17.479
16.494
17.1 85
0.089
0.089
0.089
0.t27
0 .10 i
0.rt4
fabricated maintaining continuity of the slope at the cone-
sphere junction. The apex angle of the conical frustum of the
cap-cone composite shell was 60'. The geometry of a cap-
cone shell is shown in Fig. 6. The geometric parameters of
this cap-cone shell are the ratio r/R, the apex angle V of
the conical frustum, and the thickness ratro R/h, where r and
R are respectively the radii of the cone at the sphere-cone
and vessel-cone junctions and h is the thickness of the shell.
2.5. Set-up for imperfection evaluation
Whatever may be the fabrication technique, imperfection
is inevitable. In this investigation, imperfections in the
geometry of the fabricated shells were measured before
conducting the buckling experiment" but the shell thickness
was measured after the experiment. Geometric imperfection
of each shell was measured after mounting the shell on its
base. The base elements, shown in Fig. 3, consist of one
stainless steel base, one copper contour ring, one mild steel
ring, one rubber 'o' ring (not shown) and six bolts. A
sectional view shown in Fig. 2 clearly depicts the shell
base-assembly. The stainless base was fabricated by cutting
off the die of the electroformed shells, keeping a small
conical portion attached to the base. The thick copper con-
tour ring was then electroformed from the base to firmly
fix the base of the experimental shells to the base-plate.
Finally, the base of the die was machined to a base-attach-
ment to suit the experiment.
The experimental shells and fabricated base-attachments
were assembled together and the assembly was placed on a
turn-table with the axis of the shell passing through the
center of the turn-table. The model base-assembly along
with the turn-table was then placed onto a level platform
of an x-y-z coordinate measuring instrument, made by
Mitutoyo, Japan. The accuracy of the coordinate measuring
instrument was -f 0.01 mm. A fine-wire stylus was attached
to the coordinate probe with an electric bulb and a battery in
series with the shell to ascertain the contact of the probe
Table 2
Experimental and analytical buckling loads of spherical-tip conical end-closures (E for copper is 97.86 GPa)
with the shell. A schematic diagram of the geometry mea-
suring set-up is shown in Fig. 7. The radii of the shells were
then measured against the axial distances of the shells along
eight meridians at 45" intervals.
Geometric data of each shell was then processed with a
graphical package to find the actual geometry of the shells.
Different segmented curves were fitted to each of the
meridians of a shell, and the curve set for one meridian
corresponding to minimum deviation was selected to repre-
sent the geometry of the shell. In case of the cap-cone
composite shells, two geometric curves were fitted to the
meridians - a straight line to the conical portion of the
shell and a circular arc to the spherical cap of the shell,
meeting tangentially with the straight line. To determine
the thickness of the shells, the shells were cut along three
meridians after the experiment, and the thickness along
these three meridians was measured with a precision micro-
meter. The accuracy of the micrometer was -f 0.001 in. A
description of the geometric parameters obtained from pro-
cessed data, shown in Fig. 6, is given in Table 1.
3. Results and discussion i
Experimental results of three models of these shells are
presented in column 2 of Table 2. All three models were
found to buckle asymmetrically with about six or seven
circumferential lobes. The lobes were found to form only
in the conical portion of the shells. Load versus volume
change curves for these shells, presented in Fig. 8, show
that initially, when load is gradually increasing, the change
in volume is negligible up to a certain load level and then
suddenly becomes almost flat within a few steps of load with
a very high rate of change in volume with respect to load.
The circumferential lobes were found to form within a few
steps of the horizontal portion of the load versus volume
curves. After the initiation of the lobes, further attempts at
increasing the load made the lobes more prominent with a
Model No. Experimental critical load (FlE) Asymmetric critical load for cone (P/Q
Ends hinged Ends fixed
I
2
J
1.666 x r0-1Q)
r.577 x rc-7Q)
1.666 x 10-?(6)
r.g4 x 10-7(8)
1.91 x 10-7(8)
2.03 x 10-7(8)
r.94 x 10-7(8)
1.91 x 10-7(S)
2.04 x 10-7(8)
Note'. numbers in parentheses are the number of circumferential lobes in buckled shells.
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large increase in volume for a very small increase in load. At
this stage an attempt at load release made the lo6es dis-
appear. This indicates that the buckling phenomena of
thes€ shells are elastic even in the post-buckling region.
To develop a peflnanent deformation pattern in these shells,
the load was increased until the shells collapsed suddenly. In
this last phase, the load remained almost unchanged and the
deformation pattern got distorted.
Deviation in the geometry of the models, seen in Table 1,
is very small from model to model, and the experimental
buckling loads for each model are also found to vary
slightly. In the third and fourth columns of Table 2,
analytical results of instability of the conical portion of
these cap-cone models are presented using a computer pro-
gram based on Reissner's large deflection theory l20,21lfor
axisymmetric prebuckling analysis, and a linearized version
of Sanders' l22l non-linear equations for asymmetric buck-
ling analysis from eigenvalue formulation. The analytical
results are found to be about 16 to 2I7o higher than the
experimental results presented here. Deviation in the analytical
results of the models is also very small. From the curves of
load versus volumetric change, shown in Fig. 8, it is evident
that, though the curves maintain a similar trend for all the
test models and give very close results, similar models show
remarkable deviation of volumetric flow at some load levels
just before the occurrence of buckling, which is an indica-
tion of imperfections in the models. The imperfections may
be either in the geometry or in the boundary attachments.
As observed here, the new experimental technique can
detect the state of stability of thin shells efficiently and
with remarkable precision without using a very precise
instrumentation.
4. Conclusions
An experimental technique based on the concept of mea-
suring change of internal volume of a shell under external
pressure efficiently determines buckling pressure of shells.
Load versus change in internal volume curves can explain
the imperfections effect better. Moreover, the technique is
very simple and needs no precision instrumentation.
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